The pituitary gonadotropins (GtHs), follicle-stimulating hormone (FSH) and luteinizing hormone (LH), are key regulators of gametogenesis in teleosts. However, little is known about the physiological mechanisms by which GtHs regulate asynchronous oocyte development in multiple-spawning marine fishes. We cloned cDNAs encoding GtH receptors (FSHR and LHR) from chub mackerel (Scomber japonicus). FSH and LH were purified by anion-exchange chromatography, gel filtration, and concanavalinA-agarose. When expressed in mammalian cells, FSHR and LHR responded strongly to their own ligands. By separating LH into two subunits by the use of reverse-phase chromatography, we found that the beta-subunit is responsible for signal transduction and the alpha-subunit may be important for holding hormone-receptor complex. In situ hybridization showed that only fshr was expressed in prefollicle and granulosa cells in oocytes at the perinucleolus and cortical alveolus stages, suggesting that FSH is involved in the primary and early secondary growth of oocytes. In ovarian follicles during vitellogenesis, both fshr and lhr were expressed in granulosa and thecal cells, and lhr was strongly expressed during germinal vesicle migration (GVM). Real-time PCR analysis of stagedependent fshr and lhr expression showed that fshr expression was high in ovarian follicles throughout vitellogenesis and decreased during GVM, whereas lhr expression was low in early vitellogenesis, but increased markedly in the late phase of vitellogenesis, remaining high during GVM. These findings suggest that switching of the expression of FSHR to LHR controls the effects of FSH and/or LH on vitellogenesis and final oocyte maturation via steroid production in granulosa and thecal cells. chub mackerel, follicle-stimulating hormone receptor, gonadotropin, luteinizing hormone receptor, oogenesis, ovarian follicle
INTRODUCTION
Oogenesis is broadly divided into two phases in teleosts, with oocyte growth preceding final oocyte maturation (FOM), which occurs prior to ovulation and spawning. Primary oocyte growth begins with the meiotic transformation of oogonia; this is followed by the accumulation of cortical alveoli in the perinuclear area and vitellogenesis (uptake of yolk protein precursors [vitellogenins] and yolk protein production), which occurs in association with lipid accumulation (secondary growth) [1] . Secondary oocytes are completely surrounded by layers of follicle cells, including an inner layer of granulosa cells, a basement membrane, and an outer layer of thecal cells [2, 3] . During FOM, follicular maturation (e.g., a shift in steroidogenesis) occurs in follicle cells and the fully grown vitellogenic oocyte undergoes germinal vesicle migration (GVM). This is followed by germinal vesicle breakdown (GVBD) with the resumption of meiosis in association with the fusion of yolk globules and hydration [1, 4] .
As in other vertebrates, two gonadotropins (GtHs), folliclestimulating hormone (FSH) and luteinizing hormone (LH), are key regulators of gametogenesis in teleosts [5, 6] . GtHs are glycoprotein hormones synthesized in and secreted from the pituitary gland. They are composed of a glycoprotein a-subunit (GPa) and a b-subunit (FSHb or LHb), each of which has an N-linked glycosylation site [7] . In the gonads, GtHs typically exert their actions via the production of sex steroids [8] . The functional differences in oogenesis between FSH and LH have been well established in salmonids. FSH plays an important role in vitellogenesis in salmonids via estradiol-17b (E2) production in increasing plasma FSH levels and in vitellogenin uptake, while LH acts on FOM/ovulation through the production of the maturation-inducing hormone (MIH), 17,20b-dihydroxy-4-pregnen-3-one (17,20b-P) [9] [10] [11] [12] [13] . As members of the G protein-coupled receptor superfamily, the receptors for FSH and LH (FSHR and LHR) mediate the effects of GtHs on steroidogenesis in granulosa and thecal cells [14, 15] . In nonsalmonid species, a multitude of expression patterns have been shown for pituitary FSHb and LHb genes (fshb and lhb) during oocyte development; thus, species differences in GtH function may exist [16] . However, the functions and precise mechanisms by which GtHs regulate oogenesis have not been clearly defined, although the main function of LH appears to be similar to that in salmonids, that is, to trigger FOM/ovulation [16] .
Teleosts exhibit an enormous variety of oocyte developmental patterns, creating various reproductive strategies in females [17] . Salmonids that spawn once per life or year exhibit synchronous oocyte development. In contrast, most commercially cultured marine teleosts are multiple spawners (i.e., they spawn multiple batches of eggs) that exhibit groupsynchronous or asynchronous oocyte development, and thus have ovaries containing oocytes at various stages of development. Because vitellogenesis and FOM/ovulation occur simultaneously in a single ovary, ovarian follicles (follicleenclosed oocytes) are likely exposed to both FSH and LH, regardless of their developmental status. It is therefore difficult, but important, to understand how oocyte growth and FOM/ ovulation are controlled by FSH and LH in multiple-spawning fishes. Several recent studies have focused on the function and expression of GtH receptors (GtHRs) from this perspective. In zebrafish (Danio rerio), expression changes in FSHR and LHR mRNA were correlated with the development of ovarian follicles [18] . Similarly, stage-dependent changes in the expression of GtHR genes (fshr and lhr) have been reported in a few multiple-spawning marine species, including Atlantic halibut (Hippoglossus hippoglossus), Senegal sole (Solea senegalensis), and European sea bass (Dicentrarchus labrax), all of which are generally categorized into fish species with group-synchronous-type ovaries, and bambooleaf wrasse (Pseudolabrus sieboldi) with an asynchronous-type ovary; however, the localization of fshr-and lhr-expressing cells in ovarian follicles has not been clearly determined in these fishes [17, [19] [20] [21] [22] . Thus, in multiple-spawning marine fishes, there is insufficient information on the expression of FSHR and LHR in ovarian follicles, especially in fish with asynchronous-type ovaries.
Chub mackerel (Scomber japonicus) is a small coastal pelagic fish that is commercially exploited in Japan. Like many other pelagic species, it is a multiple-spawning fish with an asynchronous-type ovary [17, 23] . In the pituitary of females, FSH-producing cells and fshb mRNA levels increase as vitellogenesis progresses, whereas LH-producing cells and lhb mRNA levels are elevated at the end of vitellogenesis [24, 25] . Additionally, in vitro assays of ovarian follicles demonstrated that purified chub mackerel FSH and LH (cmFSH and cmLH, respectively) induced E2 secretion in midvitellogenic ovarian follicles, whereas only LH induced FOM via 17,20b-P secretion in fully grown vitellogenic ovarian follicles [26] . These findings suggest that in chub mackerel FSH plays a role in vitellogenesis, whereas LH is involved in both vitellogenesis and FOM; however, information on GtHRs is lacking.
To understand the physiological mechanisms by which GtHs regulate asynchronous-type oocyte development in multiple-spawning marine fishes, we investigated the function and expression of chub mackerel FSHR and LHR (cmFSHR and cmLHR, respectively). As a first step, we cloned cDNAs encoding cmFSHR and cmLHR. The ligand-binding specificity of GtHRs has been analyzed in various teleosts, with many studies using recombinant GtHs [e.g., 27, 28] . In the present study, the binding of cmFSHR and cmLHR to purified cmFSH and cmLH was characterized pharmacologically. Unlike in mammals, the ligand-binding specificity of GtHRs is less well separated in teleosts [15, [27] [28] [29] [30] [31] [32] . We transiently transfected cmFSHR and cmLHR into CHO cells for in vitro reporter gene assays with purified cmFSH and cmLH. Although a procedure for the purification of FSH and LH from chub mackerel pituitary has been published [26] , we report here a modified purification procedure. Additionally, we separated cmLH into LHb and GPa and analyzed functional differences between each subunits in receptor binding and activation. Moreover, we established in situ hybridization techniques and real-time PCR assays using probes and primers specific for chub mackerel GtHRs (cmGtHRs) to identify fshr-and lhr-expressing cells and to examine the expression profiles of their mRNAs in ovarian follicles.
MATERIALS AND METHODS

Animals and Sample Collection
In our chub mackerel rearing experiments, we used fish that were wildcaught in the autumn/winter and maintained and bred in sea cages in Oita Prefecture, Japan. A total of 80 adult fish were transferred to the Fishery Research Laboratory of Kyushu University (Fukuoka Prefecture, Japan) during the spawning season (12 May 2011), and were maintained in 3-m 3 tanks. According to the method of Scott et al. [33] , the fish were injected with a gonadotropin-releasing hormone analog (GnRHa; des Gly 10 -D-[Ala 6 ]-LH-RH ethylamide) (Sigma-Aldrich) mixed with melted coconut butter to induce multiple spawning. Spawning was first observed the following day and was observed continuously every midnight until sampling. As described previously [25] , because the GnRHa disappeared within about 4 days after application [33] , multiple spawning after GnRHa degradation might be controlled by the endogenous endocrine system. Sampling took place on Days 10 and 11 after GnRHa treatment. Fish were taken at 0600, 1200, and 1700 h to collect ovaries at various developmental stages during the spawning cycle (the time-dependent progression of FOM during the spawning cycle is described elsewhere [24] ). The averages of fork length and body weight of sampled females were 357.1 6 2.4 mm and 713.4 6 18.4 g. The ovaries were dissected out, and a portion was fixed in Bouin solution for detailed histological analysis. The remaining portion was fixed in 4% paraformaldehyde (PFA) for in situ hybridization. The rest of the follicles were separated in Ringer solution (135 mM NaCl, 2.4 mM KCl, 1.5 mM CaCl 2 , 1 mM MgCl 2 , 1 mM NaHCO 3 , and 0.5 mM NaH 2 PO 4 ). The follicles were sorted according to their diameter (250-340, 355-425, and 600-650 lm) using stainless steel filters of different mesh sizes and collected. Additionally, most of the advanced ovarian follicles (.650 lm in diameter) were also collected. For each fish, about 100 isolated ovarian follicles of each diameter range were individually collected. Twenty isolated ovarian follicles were stored at À808C for real-time PCR analysis. Another 20-30 ovarian follicles were immersed in Sera solution (ethanol:formalin:acetic acid ¼ 6:3:1, v/v/v) to clear the cytoplasm and observe the presence of germinal vesicle. The developmental stages of ovarian follicles .650 lm in diameter were confirmed based on the position or disappearance of germinal vesicle. All the samples were fixed within 1 h after killing.
Additional fish were collected from January to February 2011 and on 19 May 2011, respectively. The former (body weight, 600-650 g) were caught off northern Kyushu using a purse seine, while the latter (average body weight, ;470 g) were reared in the fish farm at Oita Prefecture. The pituitary glands were immediately excised, collected, frozen in liquid nitrogen, and stored at À808C for GtH purification.
All the fish were killed under the guidelines for animal experiments at the Faculty of Agriculture and Graduate Course of Kyushu University, and in accordance with the laws (No. 105) and declaration (No. 6) of the Japanese government.
Molecular Cloning and Characterization of cmFSHR and cmLHR
The full-length sequences of cmFSHR and cmLHR were determined using standard cloning and sequencing procedures. Briefly, total RNA was prepared from immature and fully grown vitellogenic ovaries, and from immature and spermiating testes, using Isogen (Nippon Gene) according to the manufacturer's protocol. The samples were digested with DNase I (Invitrogen) and then reverse-transcribed into cDNA with Superscript III (Invitrogen) using random hexamer primers (Takara Bio) or oligo-dT primers (Sigma-Aldrich). Sets of degenerate primers were designed from the conserved sequences among perciform species, and the partial nucleotide sequences of cmFSHR and cmLHR were determined. Based on these partial cDNA sequences, 3 0 and 5 0 regions were identified by 3 0 and 5 0 rapid amplification of cDNA ends with gene-specific primers and adaptor primers. Next, full-length cDNAs encoding cmFSHR and cmLHR were cloned and sequenced. Primers used in this study are shown in Supplemental Table S1 (all the Supplemental Data are available online at www.biolreprod.org).
The prediction of the signal peptide sequence and its cleavage sites as well as the transmembrane helices was performed using the CBS Prediction Server (http://www.cbs.dtu.dk/services/). For phylogenetic analysis, the deduced protein sequences of known FSHR and LHR and leucine-rich repeat (LRR)-containing GPCRs were retrieved from GenBank (NCBI). The multiple sequence alignment was generated by ClustalW (http://www.ebi.ac.uk/ clustalw/). Phylogenetic tree was constructed by the neighbor-joining method using MEGA software (http://www.megasoftware.net/).
Construction of cmFSHR and cmLHR Expression Vectors
The cmFSHR and cmLHR vectors for expression in mammalian cells were constructed using Gateway system (Invitrogen). The pENTR11L21TEVH8 vector [34] , containing a lobster L21 sequence (for enhancing translation efficiency) at the N-terminal, an eight-histidine-tag (His8) coding sequence, and the tobacco etch virus (TEV) protease cleavage site at the C-terminal, was used to construct entry vectors. The open reading frames (ORFs) of chub mackerel NYUJI ET AL.
fshr and lhr without the stop codons were amplified by PCR using the 5 0 primer without ATG codon and the 3 0 primer with SalI site, subcloned between NcoI (blunt-ended with Pfu DNA polymerase) and XhoI site of pENTR11L21-TEVH8 (Supplemental Table S2 ), and named pENTR11L21-cmFSHR (or cmLHR)-TEVH8. The inserted sequence was confirmed using DNA sequencing with 3130xl Genetic Analyzers (Applied Biosystems).
The destination vector was constructed from pcDNA3.1 vector (Invitrogen) and pXINSECT-DEST38 vector (Invitrogen). The R1-Cm R /ccdB-R2 cassette was excised at Eco47III and XbaI site from pXINSECT-DEST38 vector. This cassette was subcloned into the NheI (blunted-ended) and XbaI site of pcDNA 3.1 and named pcDNA3.1-DEST38. Using the GATEWAY LR Clonase Enzyme Mix (Invitrogen), the L21-cmFSHR (or cmLHR)-TEV-His8 cassette in a pENTR11L21-cmFSHR (or LHR)-TEVH8 entry vector that contain attL sites were transported to the pcDNA3.1-DEST38 destination vector that contains the attR sites via the Gateway LR recombination reactions according to the protocols recommended in the manufacturer's manual (Invitrogen). Briefly, 200 ng of entry vector was mixed with 200 ng of destination vector in 20 ll reaction mixture containing 4 ll of LR clonase. After incubation for 60 min at 258C, the mixture was treated with proteinase K (0.2 lg/ll) for 20 min at 378C. A 4 ll aliquot was transformed into Escherichia coli TOP 10, plated onto a LB plate containing ampicillin, and incubated at 378C overnight. Consequently, pcDNA3.1-L21-cmFSHR (or cmLHR)TEVH8 expression vector that contains newly formed attB sites was constructed (see Supplemental Figure S1 ) and subjected to transfection in CHO cells.
Purification of cmFSH, cmLH, cmLHb, and cmGPa
Intact cmFSH and cmLH for in vitro bioassay and reporter gene assays were purified from pituitaries that were sampled on 19 May 2011. According to the procedure described previously [26] , the protein was extracted from pooled pituitaries, dissolved in 25 mM ammonium bicarbonate (pH 8.7), and subjected to anion-exchange high-performance liquid chromatography (HPLC), using a DEAE cellulose anion-exchange column (DEAE MemSep 1010 cartridge; Millipore). Fractions containing only FSH were lyophilized, dissolved in 50 mM ammonium bicarbonate (pH 9.0), and pooled, whereas fractions containing only LH were pooled and concentrated by ultrafiltration using an Amicon Ultra-3K filter (Millipore). Then, unlike in the previous study [26] , each fraction was further purified by gel filtration using a Superdex 200 column (Amersham Pharmacia Biotech) equilibrated in 50 mM ammonium bicarbonate (pH 9.0) to remove contaminants. The LH extracts were fractionated through agarose-bound concanavalin A (conA) (Vector Laboratories) to remove unknown peptides (see Results).
Intact cmLHb and cmGPa for reporter gene assays were purified from pituitaries that were sampled from January to February 2011. As described above, the LH extract was obtained using a DEAE cellulose anion-exchange chromatography. This was lyophilized, dissolved in 50 mM ammonium bicarbonate (pH 9.0), and subjected to reverse-phase HPLC (rpHPLC) on a Asahipak C4P-50 column (Asahi Chemical Industry) equilibrated with the same solvent. The protein was eluted in a linear gradient of acetonitrile (0%-50%). The fraction containing LHb was purified by gel filtration using the procedure described above to remove contaminants. The fraction containing GPa was lyophilized, dissolved in 0.1% trifluoroacetic acid, and subjected to rpHPLC on a TSKgel Phenyl-5PW RP column (Tosoh) equilibrated with the same solvent to remove contaminants. The protein was eluted in a linear gradient of acetonitrile (0%-50%).
The purity was estimated by SDS-PAGE and Coomassie brilliant blue staining. Fractions containing FSH or LH were identified by Western blot analysis using antisera against synthetic peptide fragments of mummichog 
In Vitro Bioassay
Biological activity of newly purified cmFSH and cmLH were confirmed by an in vitro bioassay for steroidogenic activity and maturation-inducing potency. Briefly, on 28 May 2012, fully grown vitellogenic ovaries were removed from female chub mackerel, washed with Ringer solution, and dissected into approximately 30-mg pieces. Each tissue was preincubated at 188C for 90 min in a six-well plate containing 2 ml/well of Leibovitz-15 medium (SigmaAldrich) supplemented with 10 mM HEPES and 0.02% gentamicin sulfate (Sigma-Aldrich), and then incubated in fresh medium for 24 h with or without cmFSH or cmLH (25, 100, or 200 ng/ml). Replicate samples were incubated for each fish (n ¼ 3). After clearing the cytoplasm by Sera solution, the number of the most advanced 30 oocytes was counted and the percentage of oocytes during GVBD was estimated. The concentration of E2 and 17,20b-P were measured using estradiol EIA kit (Caymen Chemical) and by the method of Matsuyama et al. [36] , respectively.
Pharmacological Characterization of cmFSH, cmLH, cmLHb, and cmGPa
The ligand-binding specificity of cmGtHR was determined by an in vitro reporter gene assay; cmFSHR and cmLHR were expressed in CHO cells to test ligand-induced cyclic adenosine monophosphate (cAMP) production using purified cmFSH, cmLH, cmLHb, and cmGPa.
CHO cells were maintained in Ham F-12 medium (Life Technologies) supplemented with 10% fetal bovine serum (Gibco), 1% HT Supplement (Gibco), 50 units/ml penicillin (Nakarai Tesque), and 50 lg/ml streptomycin (Nakarai Tesque) at 378C in a humidified atmosphere of 5% CO 2 /95% air. Transient transfection into CHO cells was carried out using X-tremeGENE HP DNA Transfection Reagent (Roche) according to the manufacturer's protocol. Briefly, CHO cells were seeded in six-well plates and grown to 60%-80% confluence. The cells were transfected with expression vector (1 lg/well) together with the cAMP-responsive reporter construct pCRE-Luc (1.2 lg/well; Agilent) and 8 ng of pRL-TK (Promega) in cell culture medium. After 24 h, the cells were removed and plated in 96-well plates (3 3 10 4 cells/well). After incubation for 36 h, the cells were stimulated with increasing concentrations of purified cmFSH, cmLH, cmLHb, cmGPa, and human chorionic gonadotropin (hCG). Mock-transfected cells were used as a negative control. After transfection with an expression vector containing neither cmFSHR nor cmLHR inserts, pCRE-Luc, and pRL-TK, they were stimulated with increasing concentrations of cmFSH and cmLH. Luciferase activity was measured using a Dual-Luciferase reporter assay system (Promega) according to the manufacturer's protocol. After stimulation for 3 h, the medium was removed and the cells were lysed. The lysates were assayed with firefly and Renilla luciferase assay reagents. Luciferase activity was measured using a Lumat LB9507 luminometer (Berthold Technologies). The firefly luciferase activity of pCRE-Luc was corrected using the Renilla luciferase activity of the internal control pRL-TK. Four replicates were conducted for each experiment.
Histological Analysis of Ovarian Follicles
Ovaries fixed in Bouin solution were dehydrated in a graded series of ethanol (70%-95%), embedded in Technovit resin (Kulzur), and sectioned at 3 lm. Sections were stained with periodic acid Shiff (PAS)/haematoxylin-metanil yellow (PAS/H-MY) according to the method of Quintero-Hunter et al. [37] .
In Situ Hybridization
The fragments (450 and 453 bp for chub mackerel fshr and lhr, respectively) amplified by PCR were subcloned into the pGEM-T Easy vector (Promega) (the primers are shown in Supplemental Table S3 ). Sense and antisense RNA probes were transcribed from linearized plasmids using digoxigenin (DIG)-labeling mix (Roche) and SP6 or T7 RNA polymerase (Roche), and then digested with DNase I (supplied with the DIG-labeling kit), according to the manufacturer's protocol. A total of 1 lg of DNA (pGEM-T Easy Vector with a partial sequence of fshr or lhr) was used in a 20-ll reaction containing DIGlabeled RNA probes. The probes were stored at À808C until use.
Ovaries fixed in 4% PFA overnight at 48C were dehydrated in a graded series of methanol (70%-100%), embedded in paraffin wax, and sectioned at 5 lm. Following deparaffinization, ovarian sections were washed in phosphate buffer (PB) and treated with proteinase K (10 lg/ml PB) for 6 min at 378C. After washing with PB, sections were postfixed in 4% PFA for 15 min, washed with phosphate-buffered saline (PBS) and 53 saline-sodium citrate (SSC). Hybridization was performed at 588C in a sealed container humidified with 50% formamide/53 SSC. Prehybridization was performed in a solution containing 50% formamide, 53 SSC, 53 Denhardt solution, 40 lg/ml Baker's yeast RNA, and 0.5 mg/ml denatured salmon sperm for 2 h, and the hybridization was performed with DIG-labeled RNA probes (1:2000 in prehybridyzation solution) for 18 h. After hybridization, the sections were washed as follows: 30 min in 23 SSC at room temperature (RT); 1 h in 23 SSC at 658C; 1 h in 0.13 SSC at 658C; 5 min in a solution of Tris-NaCl-Tween wash buffer (TNT; 0.1 M Tris-HCl, pH 7.5, 0.15 M NaCl, and 0.05% Tween 20) . The hybridized DIG-labeled probes were detected with a tyramide signal amplification (TSA) plus 2,4-dinitrophenyl (DNP) alkaline phosphatase (AP)-system (PerkinElmer). Nonspecific binding was blocked with TNB buffer (0.1 CHUB MACKEREL GONADOTROPIN RECEPTORS M Tris-HCl, pH 7.5, 0.15 M NaCl, and 0.5% blocking reagent supplied with the TSA kit) for 30 min at RT, incubated for 1 h with anti-DIG-peroxidase (Roche) at 1:1000 in TNB buffer, washed in TNT, incubated twice for 15 min with DNP-tyramide signal amplification reagent (supplied with the TSA kit), washed in TNT, incubated for 30 min with anti-DNP-AP (supplied with the TSA kit) at 1:100 in TNB buffer, washed in TNT and 0.1 M Tris-HCl, pH 9.5, 0.1 M NaCl, and 0.05 M MgCl 2 , and finally visualized with nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate. Significant positive signals were not found in sections hybridized with fshr-and lhr-sense probes, although we did not state the results for sense probes.
Quantitative Real-Time PCR Gene-specific primers for chub mackerel fshr and lhr were designed for real-time PCR amplification. Standard curves were constructed with dilutions of plasmids containing full-length fshr or lhr ranging from 10 3 to 10 8 copies/ll. Total RNA was extracted from 20 ovarian follicles per sample, and cDNA was synthesized by the same method as for molecular cloning. Template cDNA corresponding to 50 ng of total RNA or 1ll of standard plasmid DNA was used with gene-specific primers (100 nM), distilled water, 23 SYBR Green QPCR master mix, and reference dye (Stratagene) in a 10-ll reaction, and amplified using the Stratagene Mx3000P system. The reactions were performed in duplicate. Thermal cycling conditions for real-time PCR were as follows: 958C for 5 min; 40 cycles of 958C for 10 sec, and 608C for 30 sec. Intraassay variability, which was calculated by Ct values from multiple replicates (n ¼ 5) of the same sample for receptor genes, ranged from 0.1% to 1.8%. In addition, interassay variability, which was calculated by Ct values from separate assays (n ¼ 3) for each receptor genes, ranged from 0.8% to 4.4%. Expression levels of fshr and lhr were normalized to bactin (b-actin; GenBank Accession No. GU731674). The primers used for real-time PCR are shown in Supplemental  Table S4 .
Statistical Analysis
Data are presented as the mean 6 SEM. The data from in vitro bioassay and real-time PCR were analyzed by one-way ANOVA followed by a Tukey multiple comparison test; P , 0.05 was considered to be statistically significant. The data from reporter gene assay were log-10 transformed and analyzed by nonlinear regression using Prism software (Graphpad).
RESULTS
Cloning and Sequence Analysis of cmFSHR and cmLHR
The full-length cDNA of cmFSHR (GenBank Accession No. KC207943) is 2500 bp in length, with an ORF of 2187 bp, including the stop codon. The predicted protein sequence consists of 728 amino acids. As shown in a multiple alignment of the extracellular domain (ECD) in Figure 1 , the FSHR ECD contains a potential 23-amino acid Nterminal signal peptide sequence and 11 LRRs. Six cysteine residues located at the C-terminal of the ECD were conserved among vertebrates, whereas cmFSHR contains three cysteine residues at the N-terminal of the ECD unlike FSHR in other vertebrates (Fig. 1) .
The full-length cDNA of cmLHR (GenBank Accession No. KC207944) is 3120 bp in length, with an ORF of 2079 bp, including the stop codon. The predicted protein sequence consists of 692 amino acids. The LHR ECD contains a potential 23-amino acid N-terminal signal peptide sequence and 9 LRRs (Fig. 1) . The LHR ECD contains four and six cysteine residues at its N-and C-terminal, respectively, which are highly conserved among vertebrates (Fig. 1) .
Phylogenetic analysis showed clear segregation between the FSHR and LHR groups (Fig. 2) . The deduced amino acid sequences of cmFSHR showed strong identity with those of European sea bass FSHR (78%), while the cmLHR gene showed strong identity with Atlantic halibut LHR (80%). The GenBank accession numbers of FSHR and LHR used in our sequence identity analysis and phylogenic trees are shown in Supplemental Table S5 .
Purification of cmFSH, cmLH, cmLHb, and cmGPa
The glycoprotein extract was separated on a DEAE cellulose anion-exchange column (Fig. 3A) and fractions containing FSH (I; roman numerals correspond to pooled fractions in Fig. 3 ), both FSH and LH (II), and LH (III) were pooled after analysis by SDS-PAGE and Western blots (see Supplemental Figure S2 ) as described previously [26] . Fractions containing FSH (I) and LH (III) were subjected to gel filtration using a Superdex 200 column (Fig. 3, B and C) . Fractions containing FSH and LH were collected, pooled (IV and V, respectively), and analyzed (Fig. 3D) . As determined by Western blot analysis using anti-Fh FSHb 50-60 and anti-Fh LHb 91-106 antibodies, the 22-kDa (IV) and 23-kDa (V) components were identified as cmFSHb and cmLHb, respectively. The components with molecular weights of 18 kDa (IV) and 15 kDa (V) corresponded to cmFSHa and cmLHa [26] . The amino acid sequence of an unknown band at 19 kDa (V) was identified by analysis of the N-terminal sequence to be Ser-Ile-Met-Asp-Ala-Pro-Leu-Arg-Lys-Gly, which shows high similarity to a predicted isotocin preprohormone in other teleost species, for example, Nile tilapia (Oreochromis niloticus) (GenBank Accession No. XP003446141). This peptide was completely removed from the LH fraction by conA-agarose (Fig. 3E , fraction VII), although there was little LH in the removed fraction (Fig. 3E, fraction VI) .
The LH extract obtained by anion-exchange chromatography was separated on a C4 reverse-phase column, and fractions containing LHb and GPa were pooled (Fig. 4A) . The contaminants contained in each pooled fraction were removed by the use of gel filtration and phenyl rpHPLC, respectively (data not shown). Consequently, cmLHb and cmGPa were purified (Fig. 4B ). Figure 5 shows the in vitro effects of newly purified cmFSH and cmLH on biological activities in ovaries. GVBD was induced by cmLH in oocytes, where the percentage of GVBD was significantly increased at a dose of 200 ng/ml, whereas cmFSH did not induce FOM. On the other hand, cmFSH significantly enhanced E2 secretion at a dose of 200 ng/ml, but did not affect 17,20b-P secretion; cmLH did, however, significantly enhanced 17,20b-P secretion at doses of 100 and 200 ng/ml.
Biological Activity of cmFSH and cmLH in Ovaries
Examination of cmFSHR or cmLHR-Mediated Reporter Gene Activity
Cloned cmFSHR and cmLHR were inserted into a mammalian expression vector and expressed transiently in CHO cells together with the cAMP-responsive reporter construct pCRE-Luc. The induction of cAMP response element-dependent luciferase reporter activity in CHO cells by stimulation with increasing concentrations of cmFSH, cmLH, hCG, cmLHb, and cmGPa was then examined. Firefly luciferase activity was normalized to the Renilla luciferase activity of an internal control (the pRL-TK plasmid). The stimulation of mock-transfected cells with cmFSH and cmLH had no significant effect on reporter gene expression (Fig. 6A) . In cells expressing cmFSHR, cmFSH activated reporter gene expression at concentrations of 10 to 3000 ng/ml (EC 50 , 46.6 ng/ml) (Fig. 6B) . High concentrations of cmLH (100 to 10 000 ng/ml) and cmLHb (3000 to 10 000 ng/ml) activated reporter gene expression in cmFSHR-expressing cells, and their maximum luciferase activity was almost similar, but their biopotency (EC 50 , 910.2 and 3258 ng/ml) was 20-and 70-fold NYUJI ET AL.
lower than that of cmFSH, respectively. Both hCG and GPa did not activate the reporter gene even at high concentrations (Fig. 6B) . In cells expressing cmLHR, both cmLH and hCG activated reporter gene expression at concentrations of 0.1 to 3000 ng/ml (EC 50 , 3.5 and 0.5 ng/ml, respectively) (Fig. 6C) . High concentrations of cmFSH (100-3000 ng/ml) activated reporter gene expression in cmLHR-expressing cells, but its biopotency (EC 50 , 57.2 ng/ml) was 16-fold lower than that of cmLH (Fig. 6C) . In addition, cmLHb activated reporter gene expression in cmLHR-expressing cells, and the EC 50 (140.5 ng/ml) was 40-fold lower than that of cmLH; however, the maximum luciferase activity was similar to that of cmLH. In contrast, cmGPa did not activate reporter gene expression in cmLHR-expressing cells (Fig. 6C) .
Localization of fshr-and lhr-Expressing Cells in Ovarian Follicles
The ovarian morphology of chub mackerel was histologically analyzed by PAS/H-MY staining. At the periphery of CHUB MACKEREL GONADOTROPIN RECEPTORS primary oocytes at the perinucleolus stage, the follicle cells (prefollicle cells) were being formed along with the outer basement membrane and epithelial cells, which were not surrounded by a basement membrane (Fig. 7A) . A double layer of follicle cells was completely formed in early secondary oocytes at the cortical alveolus stage (Fig. 7B) . Vitellogenesis occurs in the late phase of secondary growth, which in this study was divided into primary, secondary, and tertiary yolk (PY, SY, and TY) stages. In PY oocytes, follicle cells, arranged as inner layers of squamous granulosa cells, a basement membrane, and outer layers of flattened squamous thecal cells, were clearly observed at the surface of the zona radiate, and yolk globules appeared (Fig. 7C) . The envelope (zona radiata) of TY oocytes was divided into the zona radiata interna and zona radiata externa and was surrounded by follicle cell layers (Fig. 7, H and I ). During GVM, the yolk globules began to fuse, and the zona radiata, granulosa cell layers, and thecal cells extended following oocyte enlargement (Fig. 7J) .
In oocytes at the perinucleolus and cortical alveolus stages, fshr-positive signals were specifically detected in prefollicle cells and granulosa cells (Fig. 7, D and E) , whereas lhr-positive signals were not found (data not shown). Strong fshr-positive signals were also observed in the granulosa cells of vitellogenic oocytes, as in PY oocytes (Fig. 7F) . In contrast, strong lhrpositive signals were detected in the granulosa cells of vitellogenic and GVM oocytes, as shown in Figure 7 , L and M. In addition to granulosa cells, weak but positive fshr and lhr signals were detected in the thecal cells of vitellogenic oocytes (Fig. 7, K and L) .
Stage-Dependent Expression of fshr and lhr in Ovarian Follicles
To examine fshr and lhr mRNA expression in ovarian follicles at various developmental stages, ovarian follicles were separated based on their diameters. The developmental stages of the oocytes were confirmed by clearing the cytoplasm using Sera solution and were classified into six stages, as shown in Figure 8 . Follicles 250-340, 355-425, and 600-650 lm in diameter were deemed to be in the PY, SY, and TY stages of [35] . The upper bands on fraction IV and V (22 kDa and 23 kDa, respectively) were immunostained with anti-Fh FSHb 50-60 and anti-Fh LHb 91-106, respectively. Molecular weights of the lower bands on fractions IV and V (18 kDa and 15 kDa, respectively) corresponded to cmFSHa and cmLHa [26] , respectively. A 19-kDa band was also found in fraction V, but the identity of this band was not known. However, it was predicted to be neurohypophyseal-like peptide (isotocin precursor) based on an analysis of its N-terminal sequence. Then, fraction V was subjected to affinity chromatography on agarose-bound concanavalinA, eluting two fractions: VI and VII. E) SDS-PAGE of fractions VI and VII. Fraction VI showed a 19-kDa band (neurohypophyseal-like peptide) that was not observed in fraction VII.
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vitellogenesis, respectively; the germinal vesicle was located in the middle of each oocyte, indicating that they were not atretic (Fig. 8A) . Follicles greater than 650 lm in diameter collected from fishes taken at 0600, 1200, and 1700 h corresponded to early GVM (EGVM), late GVM (LGVM), and GVBD, respectively. The germinal vesicle began to move to the animal pole, but the oil droplets did not completely fuse during EGVM. The oil droplets fused to form a single large droplet during LGVM. During GVBD, the germinal vesicle disappeared, and hydration progressed.
The fshr and lhr transcript levels were measured in each group of ovarian follicles. To normalize the expression levels, the transcript level of bactin was measured. The changes in fshr and lhr expression showed similar trends based on the nonnormalized raw data and data normalized to bactin. Therefore, we present here the normalized data. The expression of fshr was high in ovarian follicles at all stages of vitellogenesis (PY, SY, and TY), but was significantly decreased at EGVM, reaching a minimum level at GVBD (Fig. 8B) . In contrast, lhr expression was low in ovarian follicles at the PY and SY stages, and increased thereafter, remaining high between TY and LGVM, before decreasing significantly at GVBD (Fig. 8B) .
DISCUSSION
There is no published information on the GtHRs in Scombridae species, which include many commercially important fishes such as tuna. In this study, we cloned fulllength cDNAs encoding FSHR and LHR from chub mackerel, a scombrid species. Like all other glycoprotein hormone receptors, FSHR and LHR possess a large N-terminal ECD,
FIG. 4. Purification of chub mackerel LHb and GPa (cmLHb and cmGPa). A)
Reverse-phase chromatography (C4) of cmLH. Fractions indicating clear peak around 36.7 and 43.8 min were collected; they contained LHb and GPa, respectively. Fraction containing LHb was subjected to gel filtration while fraction containing GPa was applied to rpHPLC (phenyl). B) SDS-PAGE of purified cmLHb and cmGPa. CHUB MACKEREL GONADOTROPIN RECEPTORS seven transmembrane (7TM) helices, and a small C-terminal intracellular tail [38] . In teleosts, the ECDs of LHRs are similar to those of mammals, while the ECDs of FSHRs are markedly different from mammals [16] . The ECDs of GtHRs, which determine the ligand specificity, contain several LRRs flanked by C-and N-terminal cysteine-rich regions (NCRs), while the 7TM domain is critical for receptor activation [38, 39] . It has been proposed that in mammalian GtHRs, the NCR is required for proper folding and ligand binding [39] . Similar to mammalian LHRs and the LHRs of other teleosts, cmLHR contains four cysteine residues in the NCR. By contrast, unlike mammalian FSHRs, which contain four cysteine residues in this region, cmFSHR contains three cysteine residues. This is also not consistent with other teleost species, whose FSHRs typically contain one or two cysteine residues [16] . Therefore, specific folding and ligand binding may occur in the NCR of cmFSHR. As in other teleosts, cmLHR contains nine LRRs, which form repeats of b-strand and a-helix units and serve as a ligand-recognition domain in the ECD [40, 41] . In contrast, it has been proposed that the perciform FSHR contains 10 LRRs, reflecting a 25-amino-acid insertion in the LRR2 region and suggesting a specific curvature and size for ligand recognition [42] . Interestingly, cmFSH contains 11 LRRs, reflecting a 50-amino-acid insertion in LRR2 and LRR3. This region may be crucial for ligand recognition in cmFSHR.
cmFSH and cmLH were purified by combining anionexchange chromatography with gel filtration and conA-agarose to analyze the ligand-binding specificity of cmFSHR and cmLHR. The GtHs of teleosts have been difficult to purify, especially FSH, because of the effort required to collect sufficiently large numbers of pituitary glands, the low abundance of FSH, and the high structural similarity between FSH and LH, leading to difficulty in separation. To solve this problem, recombinant teleost GtHs have been produced using a baculovirus system and mammalian cells; this system has been used to analyze the reproductive functions of GtHs (reviewed in [16] ). Nevertheless, the equivalence in biological activity between native hormones and artificial ones should be examined; thus, the purification of native FSH and LH is still essential. In the present study, the pituitary extract was first purified using a DEAE cellulose anion-exchange column as performed in our previous study [26] . Then, unlike in the previous study, the FSH and LH fractions were purified by gel filtration to remove contaminants. However, SDS-PAGE showed that the LH fraction, but not the FSH fraction, contained large amounts of an unknown protein, which was predicted to be isotocin precursor based on the N-terminal sequence. Isotocin, together with vasotocin, is a neurohypophyseal hormone believed to be involved in the regulation of salt and water metabolism in teleosts [43] . In our previous study, this band was not clearly distinguished by SDS-PAGE [26] . This difference in the amount of proteins other than GtHs may be due to differences in the reproductive stages of the fish used for purification, that is, the fish used in the previous study were sampled in March, just prior to the spawning season, whereas the fish used in this study were collected in May, in the middle of the spawning season. Teleost isotocin precursor is known to lack a glycosylation site [44] . Because conA interacts with N-linked oligosaccharides, it is generally used to separate pituitary GtHs in vertebrates, including teleosts [45] [46] [47] [48] [49] . ConA-agarose removed a neurohypophyseal-like peptide in the present study. The biological activities of the newly purified cmFSH and cmLH on steroid production and maturation were confirmed by an in vitro bioassay using fully grown vitellogenic ovaries, as discussed later. Moreover, we succeeded in separating cmLH into cmLHb and cmGPa by rpHPLC. In bigeye tuna (Thunnus obesus), LH dissociated into two subunits by acid-phase rpHPLC, whereas FSH did not [50] . Similarly, we could not separate cmFSH by acid-phase rpHPLC (data not shown). Accordingly, we used purified cmFSH, cmLH, cmLHb, and cmGPa for in vitro reporter gene assays to analyze pharmacological specificity of cmFSHR and cmLHR.
In mammals, the binding specificity of FSHR and LHR for FSH and LH is well defined [51] . Similar binding specificity has been reported in a few teleost species, including Nile tilapia and Manchurian trout (Brachymystax lenok) [52, 53] . In the present study, cmFSHR and cmLHR responded strongly to their own ligands, while high concentrations of cmFSH and cmLH activated cmLHR and cmFSHR, respectively. FSHR binding to LH has been reported in many teleost species, including African catfish (Clarias gariepinus), Atlantic salmon (Salmo salar), coho salmon (Oncorhynchus kisutch), Japanese eel (Anguilla japonica), and zebrafish, although the biopotency of LH toward FSHR is typically lower than that of FSH [15, [27] [28] [29] [30] [31] [32] . Conversely, LHR binding to FSH has only been reported in amago salmon (Oncorhynchu rhodurus), although a high concentration of FSH (5 lg/ml) was used [54, 55] . On the other hand, in this study, hCG activated cmLHR, showing high biopotency, similar to cmLH, but did not activate cmFSHR. This is similar to data reported for African catfish, Japanese eel, Nile tilapia, and zebrafish [18, 52, 56, 57] . Because hCG is known to have LH-like activity in many cultured species, it was used to induce FOM and spawning in chub mackerel [58] [59] [60] . The present study shows that the bioactivity of hCG against cmLHR is similar to that of cmLH.
There is less information about the functional differences between a-and b-subunit of teleost GtHs in receptor binding and activation, although crystal modeling of the structures of GtHs and GtHRs has been performed recently to understand their molecular determinants of ligand recognition and specific binding [53] . As in mammalian GtHs, the so-called seat-belt region of b-subunit located between conserved Cys 10 and Cys 12 is considered to be important for binding specificity [53, 61, 62] . In the present study, cmLHR was activated by cmLHb, but not by cmGPa. This result demonstrates that the b-subunit is responsible for cAMP-mediated signal transduction via LH- Significant positive signals were not observed in paraffin sections hybridized with fshr-and lhr-sense probes (data not shown). BM, basement membrane; CA, cortical alveoli; E, epithelial cell; G, granulosa cell; N, nucleus; PF, prefollicle cell; PG, primary growth oocyte; T, thecal cell; YG, yolk globule; ZE, zona radiate externa; ZI, zona radiate interna; ZR, zona radiate. Bars ¼ 20 lm.
CHUB MACKEREL GONADOTROPIN RECEPTORS LHR interaction. Because the signal activation is considered to be separate from the binding reaction [39, 63] , our results did not prove that a-subunit does not solely bind to the receptor. The maximum luciferase activity of cmLHb was similar to that of cmLH, indicating that the potency of cmLHb for inducing cAMP-mediated signal transduction may be equal to cmLH. However, the EC 50 of cmLHb showed comparatively lower activity toward cmLHR when compared to cmLH. A similar relationship between cmLH and cmLHb was also found in the cAMP-mediated luciferase activity in cells expressing cmFSHR. This difference between intact cmLH and cmLHb is interesting considering the interaction between GtHs and GtHRs. The crystal structure of human FSH in complex with its FSHR demonstrates that FSH undergoes a concerted conformational change by binding to FSHR and may directly activate the 7TM domain, where the a-subunit of FSH is buried in the receptor interface [39] . This interaction between FSH and FSHR is considered to be a common mode of action of all glycoprotein hormones. Therefore, the decrease of EC 50 for cmLHb may be related to a reduction in the potency of receptor binding due to dissociation from cmGPa, and the a-subunit could be necessary for holding together the LH-LHR complex.
In rainbow trout, the plasma content of GPa was very high at ovulation [64] . Although the physiological function of free GPa has not been elucidated in teleosts, free GPa had no effect on steroidogenesis in Atlantic halibut testes [65] . Our finding, demonstrating no effect of cmGPa on the signal transduction of cmGtHRs, suggests that GPa does not act alone on reproduction via GtHRs in chub mackerel.
As in other vertebrates, follicle cells, which form double layers of granulosa cells and thecal cells, are responsible for steroidogenesis in the fish ovaries [66] . During folliculogenesis, prefollicle cells derived from the germinal epithelium encompass the oogonia and individualize each meiotic oocyte, where the outer basement membrane covers these components. Finally, an external layer of thecal cells is formed as oocyte growth progresses [67] [68] [69] . The localization of fshr-and lhrexpressing cells in teleost ovaries has been clearly shown in a single spawning fish, Atlantic salmon; fshr and lhr were expressed in both granulosa and thecal cells in the vitellogenic ovary, although lhr expression in the thecal cells was weak [32] . Another approach for assessing the localization of FSHR and LHR (i.e., in vitro ligand autoradiography) showed that in coho salmon (O. kisutch), FSHR was localized in the granulosa and thecal cells of vitellogenic ovarian follicles while LHR was localized exclusively in granulosa cells [15] . In multiplespawning fishes, however, the detailed localization of both GtHRs has not been determined. In situ hybridization analysis indicated that in European sea bass, fshr was expressed on the follicular wall of oocytes, but cell types were not differentiated [42] . In Atlantic halibut, an fshr-positive signal was detected in the granulosa cells of vitellogenic ovarian follicles, but data for the thecal cells were not shown [19] . The expression of fshr in the prefollicle cells of previtellogenic oocytes was reported in protogynous honeycomb grouper (Epinephelus merra) in a study of the role of FSH in the initiation of sex change, but the expression of lhr was not analyzed [70] . Thus, in multiplespawning marine fishes, it has been difficult to identify fshrand lhr-expressing cells in ovarian follicles and to differentiate granulosa and thecal cells because of the thinner layers of the follicles compared to salmonids. Therefore, to our knowledge, the present study, which identified fshr-and lhr-expressing cells in the ovary of chub mackerel by in situ hybridization, is the first demonstration of the localization of FSHR and LHR in the ovary of a multiple-spawning marine fish.
Strong fshr expression was detected in prefollicle cells at the perinucleolus stage during primary oocyte growth, whereas lhr expression was not detected at this stage. During early secondary oocyte growth at the cortical alveolus stage, fshr was strongly expressed in granulosa cells. An analysis of ovarian gene expression and in vitro study of FSH-stimulated ovarian transcription suggested that, in coho salmon, FSH NYUJI ET AL.
plays a key role in the onset of puberty during the shift from primary growth to secondary growth, including cell survival and differentiation [71, 72] . In European sea bass, fshr expression in ovarian follicles was markedly increased from primary growth to early secondary growth, suggesting that FSH plays a role in early secondary oocyte growth [21] . Because fshr expression was greater than lhr expression in ovarian follicles at the primary and early secondary growth phases, our findings suggest that FSH is critical for the initiation of secondary growth in chub mackerel and probably for primary oocyte growth. In the vitellogenic ovarian follicles (late phase of secondary growth) of chub mackerel, fshr-and lhr-positive signals were found in the granulosa and thecal cells, but the thecal cell signals were weaker than the signals in granulosa cells, similar to the findings in Atlantic salmon [32] . In chub mackerel, a strong lhr-positive signal was also detected in the granulosa cells of ovarian follicles at GVM, indicating a critical role for LH during FOM. A two-cell-type model for steroid production has been proposed in salmonids: testosterone (T) is produced from cholesterol in thecal cells, transferred to granulosa cells, and converted to E2 by aromatase during vitellogenesis, while 17-hydroxyprogesterone (17-P) produced in thecal cells is converted to the MIHs, 17,20b-P and 17,20b,21-trihydroxy-4-pregnen-3-one, in granulosa cells during FOM [66, 73] . The steroidogenic shift from E2 to 17,20b-P is associated with a shift in steroidogenic enzyme activity in granulosa cells, with production of P450 aromatase being shifted to that of 20b-hydroxysteroid dehydrogenase (20b-HSD), which metabolizes 17-P to 17,20b-P [66, 74] . These functional differences in the effects of GtHs on steroidogenesis between granulosa and thecal cells have been confirmed by in vitro assays using isolated granulosa and thecal cells in salmonids [75] . In the zebrafish ovary, production of 3b-HSD, which can transform 17-hydroxypregnenolone (17-P5) into 17-P, is strongly enhanced in thecal cells by GtHs [1] . In chub mackerel, a steroidogenic pathway during oogenesis was previously demonstrated by the incubation of ovarian follicles with radiolabeled steroid precursors; the results indicated that E2 is synthesized from pregnenolone via 17-P5, 17-P, androstenedione, and T during vitellogenesis, whereas 17,20b-P is synthesized from 17-P during FOM, and this is the MIH in this species [76] . Though the separation of granulosa and thecal cells is difficult in multiple-spawning marine fishes, including chub mackerel, because the oocytes are small, the present study clearly demonstrates that granulosa and thecal cells in the ovarian follicles of chub mackerel express FSHR and LHR. These results suggest that steroid production in chub mackerel is regulated in both follicle cell types as a result of GtH stimulation; however, additional studies should be conducted to analyze the effects of purified cmGtHs on steroidogenic enzyme activity in follicle cells.
Oocyte size and the number of follicle cells per oocyte vary dramatically during oogenesis, leading to changes in the total amount of RNA and RNA composition. This is a major problem when comparing gene expression in ovarian follicles at different stages [21, 71] . Luckenbach et al. [71] used mRNA for reverse transcription and normalized to elongation factor-1 alpha (ef1a) because ef1a expression did not vary among different ovarian stages. In some multiple-spawning fishes, template cDNA reverse-transcribed from total RNA was used to demonstrate the stage-dependent expression profiles of fshr and lhr in two ways: 1) raw data were presented as transcript levels in bambooleaf wrasse [22] and 2) data were normalized to housekeeping genes such as bactin, ef1a, and 18S ribosomal RNA in Senegal sole, European sea bass, and zebrafish [18, 20, 21] . In European sea bass, the reliability of the normalized data was confirmed by their correspondence with the nonnormalized raw input data [21] . In the present study, fshr and lhr expression was normalized to bactin because the changes in gene expression showed similar trends when compared to nonnormalized data.
Using ovarian follicles undergoing vitellogenesis (the PY, SY, and TY stages in the late phase of secondary growth) and FOM (EGVM, LGVM, and GVBD), we measured and compared the mRNA expression levels of fshr and lhr in chub mackerel ovarian follicles. The expression of fshr remained high throughout the vitellogenic stage (PY, SY, and TY), and thereafter declined during GVM, whereas lhr increased at TY from low levels at PY and SY, remaining high during GVM, and decreased at GVBD. The in vitro cultivation of ovarian follicles demonstrated that cmFSH increased E2 secretion in SY follicles, but not in TY follicles, whereas cmLH mainly stimulated 17,20b-P synthesis and induced the initiation of FOM in TY follicles, but not in SY follicles [26] . These data indicate that in chub mackerel, cmFSH regulates the vitellogenic process through the stimulation of E2 production, whereas FOM is regulated by LH through the synthesis of 17,20b-P. The in vitro reporter gene assay in the present study showed that cmFSH and cmLH predominantly activated their own receptors. Taken together, our findings suggest that, in chub mackerel, FSHR is highly expressed in midvitellogenic ovarian follicles, allowing an oocyte to activate vitellogenesis via FSH, whereas LHR is highly expressed in fully grown vitellogenic ovarian follicles, allowing an oocyte to initiate FOM via LHR. Despite the strong expression of fshr in TY follicles, the nonactivation of E2 by cmFSH [26] can be explained by a dramatic increase in the mRNA expression of LHR, which may be more potent than FSHR. On the other hand, it was demonstrated that cmLH induced E2 production in SY follicles in vitro, even though its potency was significantly lower than that of cmFSH [26] . While fshr expression was high, that of lhr was low in SY follicles, suggesting that LH influences vitellogenesis slightly via FSHR (but not LHR) in chub mackerel. Indeed, we found using an in vitro reporter gene assay that cmLH responded to cmFSHR at high concentrations. However, the in vitro bioassay in the present study showed that cmLH did not significantly induce E2 production in ovarian fragments derived from fully grown vitellogenic ovaries. Those ovaries were occupied by TY follicles, suggesting that the effects of cmLH on E2 production in SY follicles may be scarce under coexistence of a large number of TY follicles. In contrast, cmFSH did not induce FOM in TY follicles in vitro, even at high concentrations [26] , although cmFSH was found by an in vitro reporter gene assay to activate cmLHR at high concentrations. There are at least two possible explanations for this. First, the biopotency of cmFSH toward cmLHR may be too low to induce FOM. Second, the binding of cmFSH to cmLHR may be reduced by binding to cmFSHR, whose mRNA levels were still high in TY follicles, meaning that FSH might not trigger FOM via LHR.
Unlike salmonids, vitellogenesis and FOM progress simultaneously in asynchronous-type ovaries during the spawning cycle in multiple-spawning fishes. In Nile tilapia, the plasma contents of FSH and LH vary in association with spawning, with the levels of both GtHs increasing toward spawning [77] . Unfortunately, however, methods for measuring plasma FSH and LH levels are only available for a few multiple-spawning species, including European sea bass, mummichog, and Nile tilapia [77] [78] [79] [80] . Though the plasma contents of the two GtHs cannot be assayed in chub mackerel, the pituitary mRNA expression of FSHb and LHb showed distinct changes during the spawning cycle, suggesting that FSH and LH are secreted CHUB MACKEREL GONADOTROPIN RECEPTORS in association with spawning and may, thus, be present simultaneously in the plasma at high concentrations [25] . This raises questions about how FSH and LH synchronously regulate vitellogenesis and FOM/spawning in a single ovary, which contains ovarian follicles at various developmental stages. The present results suggest that switching of the expression of FSHR to LHR in follicle cells controls the effects of FSH and/or LH on vitellogenesis and FOM in the ovarian follicles of chub mackerel. Similar switching from FSHR to LHR has been reported in Senegal sole and bambooleaf wrasse [20, 22] . Therefore, this switching may occur in many multiple-spawning fishes with group-synchronous-and asynchronous-type ovaries. Though little is known about the regulation of FSHR and LHR expression in fish, the effects of GtHs and sex steroids have been examined. In coho salmon, the in vitro cultivation of ovaries during early secondary growth showed that fshr expression was transiently reduced by FSH, whereas lhr expression was elevated by FSH [72] . Conversely, immature cinnamon clownfish (Amphiprion melanopus) showed different effects of recombinant GtHs, with both FSH and LH inducing fshr expression, while lhr expression was activated only by LH [81] . These findings indicate that GtHR expression is influenced by GtHs, but that differences exist between species. On the other hand, E2 increased the expression of both fshr and lhr expressions in black porgy (Acanthopagrus schlegeli) and zebrafish [82, 83] . Because we succeeded in purifying intact GtHs from chub mackerel pituitary, future experiments should be conducted to investigate the effects of native GtHs on GtHRs, together with those of sex steroids.
The present study provides the first data on the function and expression of GtHRs in scombrid species. We developed a purification procedure that yields cmGtHs at higher purities than those previously reported. Both cmFSHR and cmLHR responded strongly to their own purified ligands, while high concentrations of cmFSH and cmLH activated cmLHR and cmFSHR, respectively. Additionally, LH was further separated into two subunits using rpHPLC. The in vitro reporter gene assay reveals that cmLHb is required for cAMP-mediated signal transduction, and cmGPa may be important for holding the LH-LHR complex. On the other hand, we have clearly shown that fshr and lhr are expressed in the both granulosa and thecal cells of ovarian follicles at various developmental stages, and we have demonstrated the stage-dependent expression of both mRNAs, with fshr expression remaining high during vitellogenesis and lhr expression increasing during TY and remaining high during GVM. Thus, switching of the expression of FSHR to LHR in follicle cells likely controls the effects of FSH and/or LH on vitellogenesis and FOM in chub mackerel. The present study of the molecular expression of chub mackerel GtHRs may lead to a better understanding of the physiological mechanisms regulating asynchronous-type oocyte development in multiple-spawning marine fishes.
